Recent evidence suggests that tumor necrosis factor ␣ (TNF␣) signaling in vascular cells can have antiatherogenic consequences, but the mechanisms are poorly understood. TNF␣ is released by free cholesterol-loaded apoptotic macrophages, and the clearance of these cells by phagocytic macrophages may help to limit plaque development. Macrophage cholesterol uptake induces ATP-binding cassette (ABC) transporter ABCA1 promoting cholesterol efflux to apolipoprotein A-I and reducing atherosclerosis. We show that TNF␣ induces ABCA1 mRNA and protein in control and cholesterolloaded macrophages and enhances cholesterol efflux to apolipoprotein A-I. The induction of ABCA1 by TNF␣ is reduced by 65% in IB kinase ␤-deficient macrophages and by 30% in p38␣-deficient macrophages, but not in jun kinase 1 (JNK1)-or JNK2-deficient macrophages. To evaluate the potential pathophysiological significance of these observations, we fed TNF␣-secreting free cholesterol-loaded apoptotic macrophages to a healthy macrophage monolayer (phagocytes). ABCA1 mRNA and protein were markedly induced in the phagocytes, a response that was mediated both by TNF␣ signaling and by liver X receptor activation. Thus, TNF␣ signals primarily through NF-B to induce ABCA1 expression in macrophages. In atherosclerotic plaques, this process may help phagocytic macrophages to efflux excess lipids derived from the ingestion of cholesterol-rich apoptotic corpses.
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atherosclerosis ͉ cytokine ͉ ATP-binding cassette transporter A BCA1 belongs to the ATP-binding cassette (ABC) transporter superfamily (1, 2) and promotes efflux of cholesterol and phospholipids from cellular membranes to apolipoprotein A-I (apoA-I) (3) . In macrophages, oxysterol-activated liver X receptor (LXR) (4) and retinoid X receptor form a heterodimer that binds to a direct repeat 4 sequence (5, 6) located in the proximal promoter of the ABCA1 gene, resulting in increased gene transcription and increased cholesterol and phospholipid efflux to apoA-I (7). Bone marrow transplantation studies have shown that the expression of ABCA1 in macrophage foam cells has antiatherogenic consequences (8, 9) .
Atherosclerosis represents an inflammatory reaction in the arterial wall, initiated by the retention of lipoprotein lipids (10, 11) . One of the most studied inflammatory cytokines is tumor necrosis factor ␣ (TNF␣), which is active in both human and rodent atherosclerotic plaques (10, 12) . Many of the inflammatory properties of TNF␣ suggest that TNF␣ signaling is proatherogenic (13) . Paradoxically, other studies have shown that signaling by means of the TNF␣ receptor I (p55) may have an overall atheroprotective effect (14) and moreover that TNF␣ signaling through NF-B in macrophages and vascular smooth muscle cells may be antiatherogenic (14) (15) (16) (17) . However, the mechanisms of atheroprotective effects of TNF␣ signaling in macrophages are not well understood. In this work, we show that TNF␣ induces ABCA1 through NF-B in macrophages and in phagocytes ingesting apoptotic cells, revealing a previously undescribed antiatherogenic mechanism of TNF␣ signaling in macrophages.
Results
TNF␣ Induces ABCA1 mRNA and Protein Expression in Mouse Peritoneal Macrophages. We first investigated whether TNF␣ can alter expression of different ABC transporters potentially involved in lipid efflux from cells, i.e., ABCA1, ABCA7 (18) , and ABCG1 (19, 20) . We treated mouse peritoneal macrophages for 24 h with increasing doses of TNF␣ (0-50 ng͞ml). As shown in Fig. 1A , TNF␣ up-regulated ABCA1 mRNA levels in a concentrationdependent manner up to 4-fold (50 ng͞ml) (P Ͻ 0.01). ABCA7 was slightly increased by TNF␣, but only at higher doses (20-50 ng͞ml) . In contrast, ABCG1 mRNA was repressed by TNF␣ treatment. No signs of cellular apoptosis or necrosis were detected by TUNEL or other assays even at the highest dose (data not shown), as expected because TNF␣ does not usually induce apoptosis unless NF-B signaling is impaired (21) . Fig. 1B shows the time course of the response of ABCA1, ABCA7, and ABCG1 mRNAs to TNF␣ (10 ng͞ml). ABCA1 mRNA was increased by Ϸ2.5-fold (P Ͻ 0.05) at 2-6 h and by Ϸ4-fold at 16-24 h (P Ͻ 0.01). ABCA7 was slightly increased by TNF␣ at later time points (2-fold; P Ͻ 0.05; 24 h), whereas ABCG1 mRNA was repressed (0-24 h). A similar induction of ABCA1 by TNF␣ was observed in bone-marrow-derived macrophages cultured in the presence of macrophage-colony stimulating factor (see below) and in human THP-1 macrophages (data not shown). In similar experiments, we monitored the levels of ABCA1 protein ( Fig. 1 C and D) . Treatment of mouse peritoneal macrophages with TNF␣ resulted in an increase in ABCA1 protein in a dose-and time-dependent manner, with a 4-fold induction at 50 ng͞ml (Fig. 1C) and at 24 h (dose ϭ 50 ng͞ml) (Fig. 1D) . These changes were comparable in magnitude with the increases in ABCA1 mRNA (Fig. 1) .
Mechanisms of the Induction of ABCA1 by TNF␣. TNF␣ is known to induce the expression of genes via a number of different signaling pathways, notably the NF-B pathway (22, 23) and various mitogen-activated protein kinase (MAPK) signaling pathways (24, 25) . We initially used inhibitors to assess the role of these pathways in the induction of ABCA1 by TNF␣, as shown in Fig. 6 , which is published as supporting information on the PNAS web site. We used different inhibitors of NF-B signaling. The most common heterodimer of NF-B consists of p50 and p65 subunits. SN50, an inhibitor of the nuclear translocation of the p50 subunit of NF-B, caused a significant increase (60%; P Ͻ 0.05) in the induction of ABCA1 by TNF␣, whereas the control peptide SN50M had no effect (Fig. 6 ). MG-132 and CAPE reduced or eliminated this response by 80% (P Ͻ 0.01) and 35% (P Ͻ 0.01), respectively. (Fig. 6 ) These experiments could indicate differential roles of p65 and p50 in the induction of ABCA1. However, we must consider that p65 and p50 inhibitors may have nonspecific effects; thus, we cannot be sure whether they truly have differential roles. We also used inhibitors to evaluate signaling via the MAPK pathways i.e., extracellular signal-regulated kinase (ERK), jun kinase (JNK), and p38-MAPK pathways (Fig. 6 ). Whereas ERK and JNK inhibitors had no effect, the p38-MAPK inhibitor SB202180 caused a 35% reduction (P Ͻ 0.01) in the TNF␣ response. Thus, the inhibitor experiments suggest a possible involvement of NF-B and p38-MAPK signaling pathway in the induction of ABCA1 by TNF␣.
To more clearly define the signaling pathways involved in this response, we next carried out experiments using macrophages from mice deficient in key molecules involved in the different signaling pathways. TNF␣ induction of ABCA1 was slightly increased in macrophages from JNK1 Ϫ/Ϫ (P Ͻ 0.05) or JNK2
(not significant) mice ( Fig. 2 A and B) . Although there may be redundancy in the JNK1 and JNK2 signaling pathways (26) together with the inhibitor data ( Fig. 6 ), this result suggests that JNK signaling does not contribute in a positive fashion to the induction of ABCA1 by TNF␣. To assess the p38-MAPK signaling pathway, we used macrophages deficient in p38␣. As shown in Fig. 2C , the increase of ABCA1 by TNF␣ was reduced by 30% (P Ͻ 0.05) in the p38␣-deficient macrophages as compared with the wild-type (WT) control. TNF␣ induction of ABCA1 was well preserved in LXR␣͞␤ Ϫ/Ϫ macrophages ( Fig. 2D ), indicating that TNF␣ does not act via LXR to induce ABCA1. IKK␤ phosphorylates IB␣, leading to its ubiquitination and proteasomal degradation and releases p65 for nuclear translocation (22) . The induction of ABCA1 by TNF␣ was markedly reduced (by 65%) in IKK␤ Ϫ/Ϫ macrophages (Fig. 2E ). In comparison, the response of the well known NF-B target gene metalloprotease-9 (MMP-9) to TNF␣ was reduced by 35% (P ϭ 0.01) in the IKK␤ Ϫ/Ϫ cells (Fig. 2F ). In contrast, induction of ABCA1 by the LXR activator TO-901317 (abbreviated TO-1317) was intact in these cells, ruling out a nonspecific effect on the ABCA1 promoter. The data shown in Fig. 2 were obtained at the 5-h time point. A separate set of experiments carried out 12 h after addition of TNF␣ showed that the induction of ABCA1 by TNF␣ was reduced by 80% at 12 h (data not shown). Given that the deletion of IKK␤ is only Ϸ75% efficient (27) , these experiments indicate a principal role of NF-B signaling in the induction of ABCA1 by TNF␣ and a secondary role of p38-MAPK signaling in this response.
Analysis of the ABCA1 promoter by MATINSPECTOR (Genomatix Software, Munich) suggested potential NF-B binding sites in the proximal promoter region. However, TNF␣ did not induce a response after transfection of the human ABCA1 1-Kb promoter-luciferase in RAW macrophages or in primary mouse peritoneal macrophages (data not shown). This finding could indicate that there is a NF-B binding site(s) elsewhere in the gene or that the effects of NF-B are indirectly mediated.
TNF␣ Induces ABCA1 and Cholesterol Efflux in Cholesterol-Loaded
Macrophages. We next determined whether induction of ABCA1 by TNF␣ would occur under conditions of relevance to atherogenesis. Thus, we examined the effects of TNF␣ in macrophages that had been cholesterol loaded with acetyl-low density lipopro- The ratio of ABCA1 to ␤-actin is expressed as a percent of untreated controls. In each experiment, treatments were performed in duplicate, and values shown represent the average of two different cell preparations. Upper shows a Western blot and is representative of one experiment. tein (AcLDL) or treated with the synthetic LXR activator (TO-1317).
Peritoneal macrophages were treated with submaximal doses of TNF␣ and TO-1317 (0.1 M) or AcLDL (50 g͞ml) simultaneously for 24 h. As shown in Fig. 3A , the increase of ABCA1 mRNA resulting from treatment with TNF␣ and AcLDL (3.6-fold; P Ͻ 0.0001) or TNF␣ and TO-1317 (8.6-fold; P Ͻ 0.001) was at least additive, as compared with TNF␣ alone (1.9-fold), AcLDL alone (1.5-fold), or TO-1317 alone (5.6-fold). ABCG1 mRNA also was induced by AcLDL (1.4-fold) or TO-1317 (3.0-fold). However, TNF␣ or TNF␣ in combination with TO-1317 or with AcLDL had no additional effect on ABCG1 mRNA. TNF␣ and AcLDL, and TNF␣ and TO-1317, increased ABCA1 protein in a more than additive manner as well (data not shown). The mechanism of the apparent cooperation between LXR and TNF␣ (NF-B) signaling in the induction of ABCA1 is unknown.
To assess cholesterol efflux, peritoneal macrophages were loaded with free-cholesterol ([ 3 H]cholesterol) or cholesterol incorporated into AcLDL ([ 3 H]AcLDL) overnight in the presence or absence of TNF␣ (50 ng͞ml), and the efflux of cholesterol to apoA-I was measured during a subsequent 4-h incubation (Fig. 3B) . As reported in ref. 28 , AcLDL loading resulted in a higher level of cholesterol efflux (shown in Fig. 3B , open bars) than loading with cholesterol. TNF␣ increased cholesterol efflux by 2.5-fold (P Ͻ 0.05) when macrophages were loaded with [ 3 H]cholesterol and 1.7-fold (P Ͻ 0.05) after loading with [ 3 H]AcLDL. These studies show that ABCA1 induced by TNF␣ is functional in terms of cholesterol efflux, both in basal and cholesterol-loaded cells.
Increase of ABCA1 During Phagocytosis of Apoptotic Cells Is Inhibited
by Neutralizing Anti-TNF␣ Antibodies (Abs). Macrophages undergo apoptosis in atherosclerotic plaques, in response to loading with free cholesterol or oxidized lipids (12, 29) . Apoptotic macrophages may be taken up by other phagocytic macrophages or, if not cleared in this way, may undergo postapoptotic necrosis, inciting an inflammatory response (30) (31) (32) . Free cholesterolinduced macrophage apoptosis involves the unfolded protein response and leads to MAPK activation and release of inflammatory cytokines, notably TNF␣ (33) . To further explore the potential physiological relevance of our observations, we next asked whether ABCA1-induction by TNF␣ could occur during macrophage phagocytosis of TNF␣-secreting, free cholesterolinduced apoptotic macrophages (FC-AMs). In this model of phagocytosis, mouse peritoneal macrophages are loaded with free-cholesterol for 18 h [using 100 g͞ml AcLDL in the presence of acyl-CoA:cholesterol acyltransferase (ACAT) inhibitor] to induce apoptosis, the FC-AMs are then fed to a monolayer of healthy macrophages (phagocytes) for a time period, and the monolayer is washed and analyzed for mRNA or protein responses. The phagocytes have been shown to ingest Fig. 1 and treated with TNF␣ (20 ng͞ml). RNA was extracted 5 h later, and ABCA1 or MMP-9 mRNA was analyzed by Taqman and corrected for housekeeping genes as described in Fig. 1 . Results are expressed as fold induction (FI) compared with the control (no treatment). *** , P ϭ 0.003; ** , P ϭ 0.01; * , P Ͻ 0.05. Each graph represents two or three different cell preparations, except for p38, which was conducted in one cell preparation. All experiments were performed in triplicate wells. only apoptotic cells with high efficiency, and the washing procedure removes all uningested apoptotic and nonapoptotic cells from the monolayer (54) . Moreover, the phagocytes show evidence of NF-B activation, possibly in response to TNF␣ synthesized by the FC-AMs or the phagocytes themselves (33) .
Peritoneal macrophages were incubated with the FC-AMs, in the presence of neutralizing anti-TNF␣ or control Abs for 8 h. In this model of phagocytosis, uptake of apoptotic cells occurs rapidly (as early as 15 min) and the phagocytic index is high (up to 40%). However, preliminary time-course studies indicated that the induction of ABCA1 and the effect of TNF␣ Abs required more prolonged incubation, and thus phagocytes were examined after 8 h of incubation. ABCA1 mRNA in the phagocytes was increased by Ϸ4-fold upon incubation with apoptotic cells, and this increase was suppressed by Ϸ40% (P Ͻ 0.05) in the presence of anti-TNF␣ Abs (Fig. 4A ). This reduction of the response by TNF␣ Abs was reproduced in four separate experiments. A control IgG Ab for anti-TNF␣ had no effect on the induction of ABCA1 in phagocytes (data not shown). In a control experiment, we showed that ABCA1 was not increased in macrophages that were fed with nonapoptotic macrophages (Fig. 4A) . Fig. 4B shows that ABCA1 protein also was increased (3.5-fold) in phagocytes after incubation with FC-AMs, and this increase was suppressed by Ϸ60% (P Ͻ 0.02) by neutralizing anti-TNF␣ Abs. These results show a marked induction of ABCA1 mRNA and protein in phagocytes after ingestion of FC-AMs and demonstrate that a major part of this response can be attributed to TNF␣. It is unlikely that apoptosis of phagocytes themselves contributed to the induction of ABCA1 because Feng and Tabas (34) have shown that FC-induced apoptosis in macrophages markedly reduced ABCA1 protein levels.
ABCA1 Induction in Phagocytes Is Decreased in LXR ␣͞␤ ؊͞؊ Mice: Joint
Role of TNF␣ and LXR in Induction of ABCA1 in Phagocytes. Because the phagocytes are ingesting a cholesterol-rich meal, it seemed likely that LXR induction of ABCA1 also could be involved in the response. To assess the specific role of LXR, we carried out similar experiments using phagocytes from LXR␣͞␤ Ϫ/Ϫ mice, in which the sterol induction of ABCA1 is abolished (35) . WT or LXR␣͞␤ Ϫ/Ϫ macrophage monolayers were incubated with WT apoptotic cells for 8 h, the phagocytes were harvested, and RNA was extracted. The increase of ABCA1 mRNA by apoptotic cells was diminished by 60% in LXR␣͞␤ Ϫ/Ϫ phagocytes compared with control WT littermates (Fig. 5A ). The mRNA of ABCG1, another LXR target gene, was modestly increased by the FCAMs (Fig. 5B ). This effect was reduced in LXR␣͞␤ Ϫ/Ϫ cells. ABCA7, which is not regulated by LXR ligands (18) and only slightly induced by TNF␣ (Fig. 1B) , was not induced by FC-AMs in either WT or LXR␣͞␤ Ϫ/Ϫ cells (Fig. 5C ). These data show that ABCA1 induction in phagocytes is partially mediated by LXR. Nonetheless, there was considerable ABCA1 expression remaining in the LXR-deficient mice in the presence of apoptotic cells. We hypothesized that the remaining induction of ABCA1 mRNA levels was due to the effect of TNF␣. To test this hypothesis, we investigated the effect of neutralizing anti-TNF␣ Abs on ABCA1 in LXR␣͞␤ Ϫ/Ϫ phagocytes compared with control WT littermates ( involved both in the formation and in the resolution of inflammatory lesions (36) . There was also a lesser role of p38-MAPK in the induction of ABCA1 by TNF␣. p38-MAPK may contribute to NF-B activation through phosphorylation of p65 (37) or indirectly through phosphorylation and activation of other factors that synergize with NF-B (38) (39) (40) .
The induction of ABCA1 by TNF␣ may be relevant to atherosclerotic plaques in which apoptotic free cholesterolloaded macrophages may be cleared by healthy macrophages (41, 42) . ABCA1 and ABCG1 both could contribute to the efflux of cholesterol from the phagocytes after ingestion of the cholesterol-enriched apoptotic corpses. ABCG1 promotes cholesterol efflux to high-density lipoprotein (HDL) but has minimal effects on phospholipid efflux (20) . In contrast, ABCA1 enhances both cholesterol and phospholipid efflux from macrophages to lipidpoor apolipoproteins. In addition to efflux of cholesterol and native phospholipids, the induction of ABCA1 could help the phagocyte to deal with oxidant stress and reactive oxygen species generation, subsequent to the ingestion of oxidized lipids in phagocytes. Macrophages play an important role in the clearance of apoptotic corpses that contain large amounts of oxidized phospholipids (43) , and ABCA1 has been suggested to increase efflux of oxidized lipids from cells to apoA-I (44) limiting the formation and the nucleation of minimally oxidized low-density lipoprotein (LDL) (45) , thereby potentially protecting against atherosclerosis
More generally, our study shows a positive interaction between inf lammation and lipid metabolism. The cooperation of TNF␣ and LXR in the induction of ABCA1 contrasts with the well documented antiinf lammatory transrepression of a number of TNF␣ target genes by LXR activation (46 -48) . LXR activation inhibits lipopolysaccharide (LPS)-or TNF␣-activated MMP-9 in macrophages (46) . However, unlike ABCA1 these genes are not direct targets of LXR. In an elegant study, Castrillo et al. (47) also showed that LPS inhibits LXR-induced ABCA1 gene expression in macrophages, in a process that involves TLR4 and IRF-3 mediated signaling events. These pathways are not activated by TNF␣, which may explain the different responses to LPS and TNF␣. This result illustrates the different responses of ABCA1 in a pathologic process involving LPS compared with its physiologic induction in phagocytes ingesting apoptotic cells.
Our studies likely have relevance to the role of TNF␣ in atherogenesis. Some recent studies have suggested that TNF␣ signaling via NF-B may be atheroprotective (14 -16) . Although some other studies have suggested a proatherogenic role of TNF␣ signaling, this role may depend on the cell type involved as well as the specific receptors and signaling pathways downstream of TNF␣. Thus, there seems to be abundant evidence for a proatherogenic role of TNF␣ signaling in endothelial cells (49, 50) . In contrast, TNF␣ signaling via NF-B in macrophages and smooth muscle cells may have antiatherogenic consequences. Idel et al. (17) have shown that an atheroprotective locus on chromosome 10 in the C57Bl6 mouse contains the A20 gene, which is involved in downmodulating NF-B signaling. Compared with the FVB variant, an amino acid change in the B6 A20 gene is associated with more sustained NF-B signaling in response to TNF␣ in vascular smooth muscle cells. By using a macrophage-specific deletion of IKK␤ similar to that used in the current study (Fig.  2) , Kanters et al. (16) showed that inhibition of NF-B activation in macrophages increases atherosclerosis in LDLreceptor Ϫ/Ϫ mice. By using the same strategy to achieve macrophage-specific knockout of NF-B signaling, we show that TNF␣ induction of ABCA1 is virtually abolished in these cells. Together, this information suggests that TNF␣-induction of macrophage ABCA1 by NF-B is likely to be antiatherogenic. (50 ng͞ml) , then incubated with apoA-I in the presence or absence of TNF␣ for 4 h. The cells were lysed in 0.5 ml of 0.1 M sodium hydroxyde containing 0.1% SDS at room temperature, and the radioactivity in the cell lysates and medium was quantified. To obtain apoA-I-specific efflux, radioactivity in apoA-I-free medium was subtracted. Cholesterol efflux was calculated as the percent of radioactivity released from cells into the medium relative to the total radioactivity in cells and medium.
RNA Analysis. Total RNA was isolated from mouse peritoneal macrophages by using the RNeasy Minikit (Qiagen, Valencia, CA) according to the manufacturer's instructions. Real-time quantitative PCR assays were performed as described in ref. 52 . All samples were analyzed for ␤-actin, 36B4 expression, or 18S RNA in the same run as ABCA1, ABCG1, ABCA7, or MMP-9. The sequences of the probes and primers can be provided by the authors upon request.
Western Blot Analysis. Protein extracts were prepared in modified radioimmunoprecipitation assay buffer as described in ref. 52 . Equal amounts of protein (15 g) were fractioned on a 4-15% gradient SDS͞polyacrylamide gel, then transferred to a nitrocellulose membrane, incubated with anti-ABCA1 and anti-␤-actin Abs, and processed with horseradish peroxidaseconjugated secondary Ab using SuperSignal West Pico Chemiluminescent substrate (Pierce). The band intensity was analyzed with IMAGEQUANT (Amersham Pharmacia). Data were normalized for ␤-actin expression.
Generation of Apoptotic Cells. Con A or methyl-BSA elicited macrophages from female C57BL͞6J mice were cultured in DMEM containing 10% FBS (Mediatech, Washington, DC), antibiotics, and 20% L cell-conditioned medium. The cells were incubated with 100 g͞ml AcLDL and 10 g͞ml acylCoA:cholesterol acyltransferase (ACAT) inhibitor 58035 (Sigma) for 16-20 h to induce early apoptosis as described in ref. 33 . Apoptosis was confirmed by Annexin V staining. In a typical experiment, 30-40% of the population was apoptotic with Ͻ5% necrosis. These FC-AMs were collected, resuspended into X-VIVO10 medium (BioWhittaker), and added to the phagocytes. The ratio of phagocytes to apoptotic cells was Ϸ1:5.
Phagocytosis of Apoptotic Cells. The phagocytes were incubated with the FC-AMs or control nonapoptotic macrophages for 8 h in the presence or absence of 10 g of anti-TNF␣ Ab or control IgG Ab in X-VIVO10 medium. Phagocytes then were washed vigorously with the medium to remove any bound but undigested apoptotic cells, and RNA or protein was extracted from the phagocytes, as described earlier.
In preliminary experiments, the interaction of fluorescently labeled FC-AMs with phagocytes was examined by confocal microscopy. We found that ingestion of FC-AMs by the phagocytes occurred as early as 15 min after incubation (54).
Statistics. All results are expressed as the means Ϯ SEM unless otherwise mentioned. Statistical significance was determined by using the Student t test. P Ͻ 0.05 was considered significant.
